Abstract. The structures of the Magnéli-phases V n O 2nÀ1 (3 n 7) are reviewed with respect to their structural relationships to rutile-type VO 2 . The general expressions for the transformation matrices P and Q ¼ P À1 are derived allowing the prediction of lattice parameters and atomic coordinates for hypothetical structures of V n O 2nÀ1 with n ! 8.
Introduction
The vanadium-oxygen system is extraordinarily rich with regard to non-stoichiometric mixed-valence phases. Recently, vanadium oxides with oxidation states lower than þ4 have attracted much attention due to the assumption that they might form the catalytic active phases when vanadium oxides are used as catalysts for selective oxidation of hydrocarbons. In order to understand the mechanism of oxygen insertion reactions, the structural changes within the catalyst must be understood. One of the central questions is whether the oxygen insertion may take place via the in situ formation of crystallographic shear planes in an ordered or disordered manner. For oxidation states between þ4 (VO 2 ) and þ3 (V 2 O 3 ), five phases are known to form a homologous series with ordered crystallographic shear planes, the so-called Magnéli-phases of general formula V n O 2nÀ1 with 3 n 7 [1] . However, also disordered phases on the length scale of a unit cell are described and the term microsyntactic intergrowth was introduced to characterize this phenomenon [2, 3, 4] .
In a separate paper the structural relationships between rutile-type VO 2 and corundum-type V 2 O 3 were deduced and a model involving the formation of extended defects was proposed for the chemical transformation of VO 2 into V 2 O 3 [5] . In the present paper the structural relationships between rutile-type VO 2 and the Magnéli-phases V n O 2nÀ1 are deduced and described in detail and the general expressions for the transformation matrices are given. Beyond that, the paper is intended to serve as an introduction into the problem of characterizing and modelling Wadsley defects and microsyntactic intergrowths involved in the chemical transformation of VO 2 into V n O 2nÀ1 . This will be presented in a forthcoming paper.
Structural relationships between rutile-type VO 2 and the Magnéli-phases V n O 2n --1
Vanadium(IV)oxide can adopt different polymorphic structures. The most stable polymorph crystallizes in the rutiletype structure (Fig. 6a) . The tetragonal unit cell has lattice parameters a ¼ 4.555 A and c ¼ 2.851 A. The space group is P4 2 =mnm [6] . 2 V atoms occupy Wyckoff position 2ðaÞ: (0 0 0) and 4 O atoms occupy Wyckoff position 4ðf Þ: (0.3001 0.3001 0). The structure may be described as a distorted hexagonal closed packing of oxygen atoms with the V 4þ cations occupying one half of the octahedral sites. The VO 6 -octahedra share edges in the c direction and corners along [110] and [ 1 110 ].
The existence of discrete phases with general formula V n O 2nÀ1 was first revealed by Andersson [7] by the X-ray powder diffraction. Later, single crystal studies by Horiuchi et al. [8] , Marezio et al. [10, 9] and Asbrink [11] confirmed these findings.
The structure of V 7 O 13 was determined by Horiuchi, Morimoto and Tokonami [8] . The triclinic cell with lattice
, b ¼ 72.6 and g ¼ 109.0 contains two formula units. The space group is P 1 1. The structure of V 7 O 13 is shown schematically in Fig. 6d . For an easy comparison with the structure of VO 2 it is projected along ½ 1 1 1 1 7 7.
The structural relationship to VO 2 can be expressed by transforming the rutile-type structure of VO 2 into a 7-times enlarged unit cell with triclinic symmetry. The basis vectors of the triclinic cell are related to those of the tetragonal cell by: . The symmetry can be described with P 1 1. The atomic coordinates for the triclinic cell are obtained from the atomic coordinates of the tetragonal cell by:
Here and in the following primed parameters are related to the transformed unit cells whereas unprimed lattice parameters characterize parameters of the original cells. In order to reveal a direct comparison of the atomic coordinates of VO 2 and V 7 O 13 , an origin shift p ¼ (0
is introduced to coincide the origins of both structures. The above transformations are summarized in Fig. 1 .
The reduction from VO 2 to V 7 O 13 is achieved by introducing crystallographic shear planes which remove two oxygen atoms from the 7-times enlarged triclinic unit cell of VO 2 with the symmetry P 1 1. These occupy the Wyckoff position 2ðiÞ: (0.3001 0.5 0.0286).
V 6 O 11
The structure of V 6 O 11 was determined by Horiuchi, Morimoto and Tokonami [8] . It crystallizes in space group P 1 1 with two formula units per unit cell and lattice parameters
and g ¼ 108.9 . The structure is shown in Fig. 6e , projected along ½ 1 1 1 1 6 6.
The structural relationship to VO 2 becomes obvious when the tetragonal cell of VO 2 is transformed into a 6-times enlarged triclinic cell with basis vectors: 
The structure of V 5 O 9 was determined by Marezio, Dernier, McWhan and Kachi [9] . It was described with a triclinic unit cell having the symmetry P 1 1 and lattice parameters a ¼ 5. triclinic cell with basis vectors 
To enable a direct comparison of the atomic coordinates in the structure of VO 2 and V 5 O 9 an origin shift p ¼ (0 À 1 = 2 À 1 = 10 ) must be introduced. The transformations are summarized in Fig. 3 .
The chemical transformation of VO 2 to V 5 O 9 is associated with the removal of two oxygen atoms from the triclinic unit cell of VO 2 by introducing crystallographic shear planes into the structure of VO 2 . These oxygen atoms occupy the Wyckoff position 2ðiÞ: (0.3001 0.5 0.0400) in the transformed unit cell of VO 2 having the symmety P 1 1.
The structure of V 4 O 7 was determined by Marezio, Mc Whan, Dernier and Remeika [10] . The triclinic structure of V 4 O 7 was described in space group A 1 1 with four formula units per unit cell and lattice parameters
and g ¼ 109.2 . In order to enable a direct comparison with the structures of the other members of the homologous series an alternative primitive triclinic cell is chosen. The structural relation between the A-centered triclinic cell and the primitive triclinic cell is expressed by:
After transformation the lattice parameters are a 0 ¼ 5.509 A,
The symmetry is P 1 1. The primitive cell contains two formula units per unit cell. The atomic coordinates for the primitive triclinic cell are related to the original A-centered triclinic cell by the following relations:
is introduced such that the origins of the primitive and A-centered cells coincide. The primitive triclinic structure of V 4 O 7 , projected along ½ 1 1 1 1 4 4, is shown in Fig. 6g .
The relationship between the rutile cell and the primitive triclinic cell of V 4 O 7 is given by:
The lattice parameters of the 4-times enlarged triclinic supercell of VO 2 are
The symmetry is P 1 1. The atomic coordinates for the triclinic cell are related to the rutile cell by the relations:
To bring the origins of the cells of VO 2 and V 4 O 7 into coincidence, an origin shift of
The performed transformations are summarized in Fig. 4 .
The chemical transformation from VO 2 to V 4 O 7 is achieved by crystallographic shear removing nominally two oxygen atoms per triclinic unit cell of VO 2 occupying the Wyckoff position 2ðiÞ: (0.3001 0.5 0.0500) in P 1 1.
The structure of V 3 O 5 was first determined by Horiuchi, Morimoto and Tokonami in space group P2 1 =n [8] and later redetermined by Asbrink in space group P2=c [11] . Fig. 6h shows the structure of V 3 O 5 , projected along ½ 2 2 1 1 3 3 related to the primitive triclinic cell.
The structural relationship between V 3 O 5 and rutile-type VO 2 can be expressed by transforming the tetragonal rutile structure into a 6-times enlarged triclinic cell with basis vec-
and g 0 ¼ 109.5 . The triclinic cell has the symmetry P 1 1. The atomic coordinates for the triclinic cell are related to the rutile cell by:
) is applied to bring the origins of the ideal rutile-type structure and the structure of V 3 O 5 into coincidence. The transformations are summarized in Fig. 5 .
In order to obtain V 3 O 5 by chemical reduction of VO 2 four oxygen atoms per triclinic unit cell of VO 2 must be removed. Two of them occupy Wyckoff position 2ðiÞ: (0.15005 0.5 0.0666) and the other two oxygen atoms occupy Wyckoff position 2ðiÞ: (0.65005 0.5 0.0666).
Discussion
Figs. 1-5 summarize the transformations of the basis vectors and atomic coordinates in order to compare the structures of the Magnéli-phases V n O 2nÀ1 with that of rutiletype VO 2 . From that the general expressions for the transformation matrices P and Q ¼ P À1 can be derived. The general transformation of the coordinate system is given by: 
where (x 0 , y 0 , z 0 ) are the atomic coordinates in the triclinic cell and (x, y, z) are the atomic coordinates in the tetragonal rutile cell. This matrix is again valid when comparing the structures of V n O 2nÀ1 with 4 n 7 with that of VO 2 . The transformation matrix for comparing the structure of V 3 O 5 with that of VO 2 is obtained by dividing the matrix elements Q 12 and Q 13 by a factor of 2.
In order to enable a direct comparison of atomic coordinates in the structure of VO 2 and the structures of V n O 2nÀ1 an origin shift is introduced to match the origins of the structures of the homologous series:
The crystal structures of the Magnéli-phases V n O 2nÀ1 are shown in Fig. 6 together with the rutile-type structure of VO 2 . The structures may be described as a distorted hexagonal closed packing of oxygen with the V 4þ and V 3þ cations occupying octahedral sites. The VO 6 -octahedra share common edges and corners to form blocks of the rutile structure, such blocks are joined along planes by octahedra having faces in common. The rutile blocks in V n O 2nÀ1 extend infinitely in two dimensions and have a finite, characteristic width in a third direction. The structures of the members of the homologous series differ only with respect to the finite width of the rutile-type blocks, which extend over seven VO 6 for the tetragonal rutile cell, which is in accordance with the description of Hyde and Andersson [12] .
The theoretical lattice parameters for phases V n O 2nÀ1 can be calculated according to:
Considering the displacement vector 1=ð2nÞ ½00 1 1 defining the contraction of the c-lattice parameter which is associated with the removal of oxygen atoms during the chemical transformation of VO 2 into V n O 2nÀ1 , the theoretical c-lattice parameter of V n O 2nÀ1 can be calculated according to:
the theoretical c-lattice parameter for V n O 2nÀ1 is given by:
The angles of the triclinic cells are given by:
Inserting the values for a, b and c into eq. ) with the experimentally determined parameters. Eqs. 6-7 and 10-13 allow therefore a good estimation of lattice parameters for phases V n O 2nÀ1 with n ! 8, for which phases with n ¼ 8 [2, 4, 14] and n ¼ 9 [2, 13, 15] , commonly being accepted as the long period limit of the Magnéli- The general transformation matrices are used to propose structural models for the phases V 8 O 15 and V 9 O 17 . The existence of these phases was revealed by Andersson and Jahnberg [14] and Kuwamoto, Otsuka and Sato [15] , however the authors were not able to determine their crystal structures. Applying Eqs. 6-7 and 10-13, the lattice parameters for V 8 9 . Atomic coordinates for the ideal structure of V 9 O 17 are given in Table 1 . They are obtained by applying the transformation formalism given in the text. A projection of the proposed structure of V 9 O 17 along [ 1 1 1 1 9 9] is given in Fig. 6b .
Conclusion
The present work reviews the structures of the homologous series V n O 2nÀ1 with 3 n 7, the structural relationships among them and their structural relationship to rutile-type VO 2 . The general expressions for the transformation matrices P and Q ¼ P À1 are given. From this starting parameters for a primitive triclinic cell can be obtained for members of the homologous series with n ! 8, which have been observed but whose structures are still unknown [2, 3, 4] .
The ordered phases V n O 2nÀ1 are characterized by the repeat distance n of the crystallographic shear planes (121). However, if the repeat distance n changes within one crystal, disordered Magnéli-phases or syntactic intergrowth of different Magnéli-phases having a common (121) CS plane result on a unit cell scale.
